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NATTIONAL ADVISORY COMMITTEE FOR AFRONAUTICS

RESEARCH MEMORANDUM

IGNITION DELAY EXPERTMENTS WITH SMALT~SCALE ROCKET ENGINE
AT STMULATED ATTTTUDE CONDITIONS USING VARIOUS FUELS
WITH NITRIC ACTD OXIDANTS

By Dezso J. Ladanyl

SUMMARY

TIgnition delay determinations of several fuels with nitric sacid
oxidants were made at simulated sltlitude condltions ubtllizing a small-
scale rocket engline of approximately 50 pounds thrust.

With eniline and red fuming nitric acid at room temperatures,
ignition delays obbtained at initlel amblent pressures corresponding to
altltudes to 88,000 feet were not significantly different from values
obtained at sea-level pressure.

At or below -10° F, explosions or long ignition delays were expe-
rienced with hydrazine hydrate and white fuming nitric aecid.

Several fuels and various nitric acid oxidants were tested at about
-40° ¥ and sea-level préssure. Anhydrous nitric scid always ylelded =
shorter delay than white fuming nitric acld when tested with the same
fuel. The combination that ignited most rapidly was a diallylaniline -
triethylamine mixture and anhydrouvs nitric acld, which ylelded an average
lgnition deley of sbout 14 millliseconds.

With a dlallylaniline - trilethylamlne mixture amd white fuming nitric

acld, ignitions with a.verage delays ranging fram 9 milliseconds at 110° F
to 22 milliseconds at -50° F were obtalned regardless of the initial

amblent pressure that ranged from sea-level pressure to & pressure alti-
tude of 88,000 feet. An explosion occurred after ignition in several

cases.

With a diellylaniline -~ triethylamine mixture and a red fuming
nitric acid analyzing 3.5 percent water and 16 percent NO, by weight,
ignitions with no ensulng explosions were obbalned with average d.elays
ranglng from 13 milliseconds ab 110° F to 55 millliseconds at -95° F
regerdless of the inltlsal ambient pressure that ranged fram sea—level
pressure to a pressure altitude of 94,000 feet. '
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From all the runs, it was determlned that ignitlon delay was
unaffected by wlds varilatlons In time between propell&nt entries lnto
the combustion chamber.

It wag also determined that, wlith aniline and red fuming nitric
aclds with eessentilslly egual water contents, a variation in the NO2
content of the acld from 29 to 35 percent had no significant effect on
ignitlon delay. Wlth other fuels and nitric aclds, a decrease in the NOp
content from 2.5 to 0.5 percent accompanied by a slmultasneous lncrease
In the water content from 0.2 to 1.8 percent lncreased the ignltlon delay.

INTRODUGTICN

The problem of starting rocket engines at conditions of various
altitudes up to 100,000 feet has been recelving conslderable attentlion
recently because of 1ts Importance in the development of alr-to-sir
misglles, air-to-surface misslles, and rocket-propelled alrplanes that
require starting at low pressurss and bemperatures. Many self-igniting
liquld rocket praopellant combinetions that perform satisfactorily at
temperate sea level wlll not lgnite at the low temperatures of higher
altitudes or of arctic regions primarily becauge of decreased Initial
chemical reaction rates. Pre-implngement vaporlzation of a propellant
at low pressures also may cause ignition dlffilculties.

From results obtained wlth a capillary twin-jet apparatus, it was
concluded that ignition delay in an actual rocket will increase with a
decrease in initial ambient pressure and that sufficilent amounts of
propellants may accumulate in the combustlon chamber prior to ignition
to cause an explosion (reference 1). Similar conclusions were reached
as a result of visual inJection experiments at low pressures (refer-
ence 2). Studies of ignition at low temperatures by several investi-
gators have been corroborative on the general observation of increased
ignition delasy with decrease in temperature (for example, references 3
to 6). BSuch studies have been considerably more extensive than contem-
porary research at low pressures. :

As part of a general investigatlion of the ignitlon characteristics
of gelf-lgniting rocket propellant combinations conducted at the NACA
Lewis laboratory (references 6 to 8), determinations of ignition delsys
of several fuels wlth nitric acld oxidants were made at gslmilated alti-
tude conditions ubllizing a amsll-scale rocket englne of approximstely
50 pounds thrust. This phase of the research, conducted from April )
1950 to Juns 1951, was fivst directed toward determining the effects of
various subatmospheric Pressures on the ignition delay of the
aniline - red fuming nitric acld combination while, at the same time,
determining the rellabllity of the apparatus as an lgnition delay
meaguring devlice. Ancother portion of the lgnition work reported herein
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wes the establishment of a temperature - ignition délay relation for the
hydrazine hydrate - white fuming nitric acld cambination currently pro-
posed for the startling system of a rocket enginé now in the development
stage (reference 9). Since minimm eguipment design temperature for
alrcreft at 45,000 feet altitude with indicabed alr speed of 150 miles
per hour is approximately -95° F (reference 10), and since a contemplated
speclficatlon for this englne as well as others under development may be
repeated successful starts at these conditions, obther fuels and modified
nltric acids were investigated in attempts to meet these requirements.
The results of these experiments and a few relsted tests are described
herein.

APPARATUS
Genersal Descriptlon

The apparatus conslsted of & small transpasrent-chamber rocket engine
of approximstely 50 pounds thrust, propellant tanks, a gas pressure-
supply reservolr, a photographlc system for lgnitlon-delay measurement,
means for obtalning and controlling propellent temperature and initial
emblent pressure, and lnstrumentation for indicating and recording
combustlon-chember pressure and other operabling varlables. Flgure 1 is
a dlagremmatic sketch of the apperatus. A photograph of the over-all
equipment is shown in figure 2.

Pressurized hellum conbalned in s 2100-cublic-inch reservolr served
to force the propellants fram thelr btanks through injJector nozzles and
into the combustion chamber when a guick-opening solenold valve was
opened. Sealling disks at each end of the propellant tanks were burst
in the process. Photographs were taken of the two propellant streams
entering the combustion chamber, Impinging, dlffusing, and then lgniting.
Measurements of the ignltion delay period were maede fram the photographic
data.

Rocket Englne Deslgn

The rocket engine assemhly conslsted of en injector hesd, injJector
nozzles, a transparent oylindrical combustlon chamber, a plate with a
convergent exhaust nozzle, and propelleant tanks. Figure 3 is an assembly
photograph. Filgure 4 shows an exploded vlew. _

The injector head asseémbly is shown in figure 5. The head wes
drilled and tapped to receive two propellant injector fittings at an
included angle of 90°. A cambustion-chamber pressure tap was located
in the center of the hesd. The 0.041-Inch-nozzle-dlamster fuel injJector
end the 0.084-Inch-nozzle-dlsmeter oxident inJjector were located so thatb
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the eJected streams would travel 0.68 inch before impinging. Each
injector had a conlcal entrancéd leading to a stralght 0.38-inch-long
orifice tube with a chamfered exit. Polymeric methylmethacrylate .
tubing, 4 inches long and 2 :anhes Jdnside: dia.meter, was used for the
combustion chamber. -

The propellant tank sssembly Included a burst diaphragm at each erd.
Hardened stalnless steel cutting dies were used in conjunction with
unscored 0.003-inch-thick aluminum (2S-0) dlaphragms. The dies were
desgigned to cut the disks without fragmentatlon and with an spplied pres-
gure of less than 100 pounds per square inch. An unused disk, a cutting
dle, and a burst dlek are shown in figure 6. The fuel and oxldent tanks
had capacitles of approximately 100 and 200 cublc centlmeters, respec-
tively. The components of thils assembly are shown in figure 4. :

The rocket englne was deslgned to operate for three.seconds at
50 pounds thrust with a typlcal propellant cambinstion (aniline and red
fuming nitric acld) at gsa-level temperatures and pressure. Design
parameters included a specific Impulse of 180 pound-seconds per pound,
a total ocxldant-to-fuel welght ratioc of 3, a ratio of chamber volume to
throat area (I¥) of 98 inches, and a difference of 100 pounds per
gguare inch between the injection and combustlon-chamber pressures. The
calculated total welght flow was 0.28 pound per second.

With coefficlents of dlscharge calcula.ted. for the 1lnjectors from
actusl flow data obtained with water at 77° F, an oxidant-to-fuel welght
ratio of 3.1 at 77° F was obtalned for the preignition period of aniline
and red fuming nitric acid containing 29 percent (by weight) of nitrogen
dloxide.

Equipment for Simulstling Altltude

The rocket englne wags mounted vertlcally on a 44-Inch-long, l2-inch-
diesmeter stendpipe connected by & 6-Inch-diemster seamless steel pipe to .
a 1500-cubic-foot cylindrical tank that could be evacuated to an NACA
staniard pressure altitude of about 100,000 feet. This altltude tank
end accessories have been described previously (reference 8).

Beginning with run 57, the propellant tanks were lmmersed in &
constant~temperature alcchol bath contalned in a tank welded directly
to the injector head (figs. 3 and 4). The temperature of the bath was
accurately and antomatically controlled by means of a dual heat-
exchanger asnd blending system. Any desired propellant temperature in
the range fram -95° ta 110° F covered in this investigation was obtained
within twenty minutes after starting the circulation pump in the system.
A mixture of dry lce and denatured alcohol and electrically heated water
were used in the cold and hot hegt exchangers, respectlvely.
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Instrumentation
The following measurements were mades:
(1) Combustion-chamber pressure
(2) Propellant injection pressure
(3) Altitude-tank pressure

(4) Temperature of fuel, oxidemt, injector hesd, constant-
temperature bath, nozzle plate » and amblent air

(5) Time between the entries of the two Jets into the combustion
chamber

(6) Ignition delay period
(7) Time between ignition and explosion If the labtter occurred

The combustilion-chember pressure was measured and recorded by a callbrsbed
Bourdon-tube-type strip chart instrument baving an accuracy of +5 pounds
per gsquare Inch. The propellant InJjection pressure was indicated on a
calibrsted Bourdon-tube-type gage and recorded by the opersator Just
before flring. This gage had an accuracy of 2 percent of full scale

(600 1b/sg in.). Beginning with run 113, photographs were teken of this
gage sbout 3 seconds before the solenold velve opened. The altitude-
tank pressure was measured by a dlaphregm-type absolute pressure gage.
Copper-constantan thermocouples were used for tempersture measurements.
Propellant temperatures were measured near the cenbters of the tanka.
Thermocouples were imbedded 1/4 inch into the injector head and nozzle
plate:. The alr temperabure was measured near the englne assembly. The
locations of the thermocouples are shown in figures 2 and 3. The temper-
atures were measured and recorded by & calibrated self-balancing poten-
tiometer with an accurscy of +1° F.

The action within the combustlon chamber was photographed 1n sil-
houette by a 16-mlllimeter hlgh-gpeed camera wilth a builb-In timing
light and wlth a maximum speed of 5000 frames per second. The required
light was produced by a bank of flood lamps focused on a whilte back-
grourd with the reflected light passing through the combustion chamber
and into the camera lens. The photographlc lnstalletlion can be seen in
figure 2. ) )

Propellants

Eilght fuels, purée or blended, and ten nitric acld oxidants were
used in 18 propellant combinatlons in this investligation. Analyses of
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the nitric acld oxldents are glven in table I. Physical properties of
the fuels and Importent oxldante are listed in tables II and IIT,
respectively. The oxidants are coded in the tables for convenilent ref-
erence. The flrgt number after the acld indicates 1ts approximate water
content by welght. The second number, if used, 1s the NO, content.
Additlives with corresponding welght percent are enclosed In brackets.

The followlng fuels were umed:
(1) chemically pure sniline el .

(2) aqueouws solutions of hydrazine approximsting the composition of
hydrazine hydrate (two solutions)

(3) furfuryl alcohol : : , .
(4) commercilal gum turpentine
(5) furfuryl mercapten

(8) a mixture of 50 percent mixed xylidines and 50 percent
triethylemine (by volume at roam temperature)

(7) a mixture of 57 percent dlallylaniline and 43 percent
triethylemine (by welght)

The hydrazine hydraste solutlons were prepared by adding a calculated
emount of distilled water to hydrazine solutions analyzing epproximetely
92 percent hydrezine (by weight). The mixed xylidines used 1n the fuel
mixbure preparation was obtained from the Cactus Ordnence Works. The
diallylaniline was furnished by the California Research Corporation
through the Bureau of Aeronautics, Department of the Navy.

The nitric acid oxidents included red fuming nitric acids (RFNA),
white fuming nitric acids (WFNA), white fuming nitrlc acid with additives »
and anhydrous nitric acld. Several commercial lots of chemloally pure
red fuming nitric acld presumably saturated with NO, were used.
Analyses revealed that the NOz content actuaelly varled from 20- to
35- percent by weight (RFNA-0-20, RENA-0-22, RFNA-0-25, RFNA-4-29, and
RFNA-5-35). A low-freezing-point acld (RFNA-4-16) was prepared by
blending RFNA-0-20, RFNA-0-25, anhydrous nitric acid, and water. The
component acids were mixed and then cooled below -40° F. Water was '
edded to the acid slurry. The mixture wes agitated in an enclosed con~-
tainer and allowed to warm up slowly to room temperature to yleld a
clear homogeneous solution., Two of the white fuming acids met the
USAF Specification No. 14104 (WFNA-2 [lot a] and WFNA-2 [lot 1]).
WFNA-7 was more dilute. Addltlves were used with WFNA-2 [lot a] in
an effort to depress lts freezing point and shorten 1ts ilgnition
delay with fuels. Potassium nitrate was employed in one case
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(WFNA~-8 [ 6-KNOz]) and perchloric acid in snother (WFNA-11 [4-EC1041).
Nitric acld designated as anhydrous in this investigabtlon actually con~
tained & small amount of water (about 0.2 percent by weight).

PROCEDURE
Test Preparsbtlons

The propellant tanks wore loaded and then campletely sealed by
inserting bursting diaphregms end cubtting dles between the tank bodles
and end fittings. XEgual ullages, obbtained In the propellant tanks when
100 cubic centimeters of fusl and 195 cublc centlimeters of oxidant wers
used, aided sttempts to inject the propsllants into the combustlon
chember simmltbanseously.

The rocket englne assembly was bolbted together to a measured torque
of about 400 pound-inches. Spacers arocund the bolbts prevented heab
distortion of the chamber during a run and consequent leaking. The pro-
pellant tanks were then screwed into the inJector head asnd the helium
inlet lines were comnected to the tanks.

For all runs, the propellent inJection pressure was 450 pounds per
square inch gags. Although injection pressures higher than this amount
were not used In thls investigation, other runs at lower pressures indi-
cabted that 450 pounds per square Ilnch gage ls near the maximum preassure
beyond which there would be little addlitional effect on ignition delay.
Two methods were employed 1n this Investigation to supply the desired
propellant Injectlon pressure. For runs 1-120, the supply reservoir
wags filled to the proper pressure wlth helium from a commerclel bottle.
The InJection pressure remalned essentlslly constant durling a rum,
decreasing less than 5 pounds per square inch for the entlire run and
gbout 1 pound per sguare inch during the lgnitlon delay period. For the
remsinder of the runs, the commsrcial hellum bobtle was permanently
connected to the reservoir and a pressure loader kept the injec’cion pres-
sure constant before and during & run.

Runs 1 to 56 were conducted at room temperabture without any sttempts
being made to control the propellant temperature. The remeining rums
wore made wilth close regulatlon of the fuel and oxidant temperatures by
means of a heat-exchanger system described previously. Beginning with
run 128 and only for runs below 32° F, a small flow of helium was
passed continuocusly through the combustion-chanmber pressure line dur-
ing the cooling period to prevent clogging by ice formation. The flow
was stopped Just before each run.

For runs made abt pressures different from ssa-level, the large

altitude tank was evacuabed prior to firing by a rotating-oil-seal-
type vacuum pump, which reduced the pressure correspondingly in the
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exhaust standplipe ag well as in the rocket combustion chamber. The pres -

sure 1In the standpipe dld not change significantly during the ignition

delay period. The Initial pressures are given in millimeters of mercuiy

:d wel:)!. as in terms-of NACA standard pressure altitude (references 11
12). '

Englne Operation

After the preliminary steps were completed, the actual operabtion of
the apparatus was almost completely automatic. The entire sequence of
events during a normsl run was conbrolled by & preset electrical program
timer. : :

When tlhe three-way helium supply valve was opened, the pressurized
inert gas ruptured the propellant tank diaphragms and forced the pro-
pellants into the combustlon chember. About 3 seconds later, the inter-
lor of the vertlcal exhaust standpipe was sprayed wilth water, gquenching
the products of combustion and preventing, by dilution, any further
chemical reactlon. Upon complete ejJectlon of the fuel and oxidant from
the propellant tanks, the englne assembly was automatically purged by
the ensuing helium. De-energlzation of the solencld controlling the
heliwm valve cut off the ges flow and vented the propellant tanks to the
atmosphere. In cages of emergency, both the water spray system and the
hellum supply velve could be operated Independent of the program timer.

Inbtexrpretation of the High-Speed FPhotographic Data

For the rmms 1n this Investlgation, the camera speed ranged from
3000 to 4500 frames per second, determined from argon-light timing marks
cn one edge of the film.

Most of the rums were photographicelly simllsr. In all cases, the
exact frame of the entry of each Jet Into the combustion chamber was
clearly discernlble. At the moment that the two Jets met, a coplous
amount of dark fumes (probebly oxides of nitrogen) began to be evolved.
Thege fumes quickly filled the chamber and usually made it completely
opaque. -The 1gnition point wes determined by the frame ln which &
sudden evolution of light occurred thet enccmpessed sbout 1/20 to 1/4
of the projected chember area. In most runs, the bright area Increased
repidly and the normal combustion pattern was established in 3 to 6 '
frames, or sbout one millisecond. Wlth certaln propellant comblnations
at -400 F (for example, runs 79 and 80), the ignitlon polnt was dlfficult
to determine because the inltlelly lighted area was small and falnt and
the full combustion plcture was not obtained for more than 40 mllill-

segonds.
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The photographic record of a typical run (run 11) is shown in fig-
ure 7. The oxldant Jet entered the combustlon chember in frame 7;
13.7 milliseconds later, the fuel jJet entered and intersected the oxi-
dent streem (frame 65). Fumes were evolved and fllled the combustion
chamber. Ignition occurred in frame 207, 33.5 mililliseconds after the
meeting of the propellants. (This period is called the ignition delay.)
The pressure risp accompanying lgnitlon purged the combustion chamber of
dark fumes In 1 millisecond and normal burning was established. FPhoto-
graphg made in color (runs 71 and 76) show that the light recorded at
the ignition point is actually a high-color-temperature light emitted
by the combustlon reactlon rather then conceivebly the low-color-
temperature reflected flood light penstrating the chamber belng clearsd
of fumes by a sudden nonluminous pressure rilse.

Same runs were deslgnated as "hard starts" or "explosiona™. A
hard stert was an excessive pressure rise of short duratlon, occurring
with a loud report Immediately after ignition and without destroying
the cambustion chamber or causing other damage. Visually, it was dis-
tinguishable by the development of exbremely bright light that was photo-
graphically recorded beyond the limits of the proJjected combustion-
chamber ares and that persisted for sbout 6 mllliseconds before the nor-
mal combustion pleture was established. In same cases, escaping fumes
Indicated a momentary separatlon between the combustion chamber and the
Injector head or nozzle plete.

All explosions that were encountered occurred ordinarily less than
7 millisecénds after ignitlon; the usual destruction of the combustion
chamber marked. the explosion point. In run 55, an explosion flexed the
combustlon chamber wlthout destroying it but damaged othexr external
equipment. This may have been caused by pressure waves induced by rapid
flexures of the combustion-chamber wall. Since the development of a hard
start and explosion are visuslly similar, an explosion might be considered
e hard start severe enocugh to destroy the combustion chamber or cause
other damage. - ST : T : :

An example of a run resulbting in an explosion 1s shown in figure 8
(run 77). The fuel entered the chember in frame 6, The oxidant fol-
lowed 5 milliseconds later (frame 24). After a delay of 43 milli-
seconds, lgnition occurred (frame 181). An explosion began to develoDp
terminating in the destruction of the combustion chawmber 3.8 milli-

seconds after ignition (frame 195).
RESULTS AND DISCUSSION

Anlline and Red Fuming Nitric Acid

The Iinitial runs iIn this investlgation were mede to determine the
effeots of low ambient pressures on the™gnitilon delay of aniline and

E—
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red fuming nitric acld contalnlng 29 to 35 percent RO (by welght);
21 runs were conducted at temperatures from 88° F to 300 F (near the Co
freezing point of aniline) and from sea-level pressure to a pressure T
altltude of 88,300 feet. Of these, five terminated in explosions. The
results of ‘bhe"se experiments are shown in table IV.

A plot of the data showing ignition delay as a function of tempera-
ture 1s shown In figure 9. The dotted linesg envelop all runs that 41d
not result in an explosion or 'burn-out the solid line indicates an .
average for these runs. The d.eviation. from the average was about <
2 milllseconds at any particuler temperature. For the normsl runs, the "G.
variation of ignition delay with temperature in the range covered in
these experiments varled from an average of about 18 milliseconds at
84° T to gbout 36 milliseconds at 30° F; variations in initial embilent
pressure fraom sea-level pressure to a pressure altitude of 88,300 feet
in the temperature range of 60 to 82° F had no significant effect on
ignition delay. Of 10 runs at sea-level pressure, three resulted in
explosions; of 11 runs at pressure altitudes from 40,700 to 88,300 feet,
two were terminated by exploslons. These results indicate that low
feilures. In studles of the behavior of liquld etresms injected into =
a large low-pressure chamber (reference 2), & marked fanning or disin- oo
tegratlon of the streams occurred at pressures below the vepor pressure
of the liquld. It was conclvded thereln that this effect may result in
violent engine failure. A possible explanastion of the differences between .
the conclusions of reference 2 #nd the results reported herein is as follows: 7

...... e ——

The combustion chamber of an actual rocket engine 1s almost a
totally enclosed. cylinder. The outward diffusion of any accumulated
vapors through the nozzle is resbtricted; therefore, although the inltilal
portion of the entering oxidant wvaporizes guickly at low pressures,
ensuing portlons ceage to boll hecause of the rapid. attainment of a
total amblent pressure greater than the vepor pressure of the acid.
Actually, & small amount of the entering acid continues to evaporate in
order to replace the amount lost by diffusion through the nozzle. In e
accord with this explanatlion, the results show no meaningful change 1n
ignition delsy between runs conducted at sea-level pressure and rune
initiated below the vapor pressure of the oxidant. Further accord is
glven by results that indicate that the reductlon of amblent preseures
that are elready below the vapor pressures of the propsllants doc not
influence ignition delay eny more significantly. This can be seen by
comparing runs 45 and 54 (table IV) conducted at about 80° F and at
pressure altitudes of 50,700 feet and 81,800 feet, respectively. Both
runs were lnitiated with the ambient pressure below the wvapor pregsure
of the oxident and ylelded 1gzition delay values d.iffering by only one
millisecond.
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In references 1 and 2, liquids were injected into a large vacuum
chamber that cannot be compared to a relatlvely small rocket chamber.
The photographs of reference 2 showlng stream dlsintegratlion were taken
almost lmmedistely after the inJectlon was started. Thils disintegration,
measured by the spray-cone angle, decreassed with time as the chamber
pressure increased. If a smaller chamber had been used and Injection
photographs had been shown following the Inltisl one, rapld spray cessa-
tion and subsequent normal stream flow might have been percelved. This
wan, shown by the hligh-~speed photographs of runs 42, 43, 45, 52, and 53.
For example, in run 45 (at 80° F and a pressure a.ltitud.e of 50 700 feet),
the oxident preceded the fusl into the combustlon chamber by 26 3 milli-
geconds. The acld entered the chamber as a very dlffuse spray bub a -
normal solld stream was established scon thereafter. Thils transforms-
tion 1s shown by the photographs In figure 10. The oxldant entered the
chanmbsr in freme 11 asnd a clearly deflned Jet had formed by the time the
fuel entered (frame 121). Ignition occurred in frame 204 after a normal
ignition delay of 19.7 milliseconds. The rapldity of the transformation
would probably decrease with an incresse in combustion chamber size, with
an increase in throat area, or with a decreage In oxldant flow. With a
large enough chamber, & large enough throat area, or a small enough acid
flow, the prediction of engine failure at low, :Lnitial ambient pressure
(reference 2) might be quite valid.

With nitric acid oxidants, asnother factor that comtributes to the
rapld establishment of a solld acld stresn is the pressure rise produced
by the oxldes of nitrogen and by other geses that sre evolved as soon as
the fuel apd oxldent meet in the combustlon chamber. This was suggested
by low-pressure runs ln which diffuse acld entered the combustlon chamber
and. Intersected an estasblished preceding solld fuel stream and in which
normal lgnition delaye stlll were obbtained. Chemical reaction and the
ignition delay perlod.started as soon as the oxidant met the fuel. An
exemple (run 44) is shown in figure 11. This run at 69° F and a pres-
sure altitude of 74,700 feet resulted In a delay of 23.5 milliseconds.
The fuel entered the chamber 1n frame 16. The acid entered 3.0 milli-
seconds labter (frame 28). The ignition polnt is seen in frame 122.

The discussion thus far hes been restricted to normal runs, that
ig, runs not resulting 1n explosions or burn-outs. With one exception
(run 49), all the abnormal runs ylelded values for ignition delay that
were 4 to 13 milligeconds longer than the average normsl values at the
varlous tempersbtures of the runs. The explosions of runs 46, 47, 49,
and 50, and the burn-out of rum 56 occurred 0.6 to 7.9 milliseconds
after ignition. The causes of these explosions are unknown. It was
obgerved that 1n the abnormal runs the anlline preceded the acld Into
the combustion chamber wlthout exceptlon. Nelther the length of time
of this precession, propellant temperature, Inltiasl ambient pressure,
nor lgnition delay perlod could 'be correlated wilth the production of
an explosion.



12 JSummmm——— NACA RM E51J01

Hydrezine Hydrate and White Fuming Nitric Acid

A gerles of runs was made at sea-level pressure with hydrszine
hydrate and white fuming nitric acld (USAF Specificstion No. 14104) to

determine its l1gnlition delaey and rellabllity of ignition at temperatures’

from 110° F to the lowest limit of serviceabillity. These propellants
wore tentatively selected as a starting combination for an engine
required to ignite as low as -40° F (reference 13). In the development
of the englne, successful starts were made In a 50-pound thrust engine
down to -40° F (reference 8). Another laboratory found that it was not
possible to secure reliable ignition dats at low temperatures (-36° F
to -58° F) with & similar combinastion (WFNA and eutectic hydrazine) used
in a small-scale engine of 50 pound thrust (reference 3); however, more
reproducible lgnition deleys were cbitalned at room tempersture. Quali-
tatively similaer results were obtalned at the lewls laboratory.

Fourteen runs were conducted at temperatures fram 110° F to -41° F_
at sea-level pressure. Except for run 79, all tests were made with
hydrazine hydrate [ lot b] and WFNA-2 [lot b). The propellents used’
in rum 79 were very similar in anslyzed composition (hydrazine hydrate
[lot a] end WFNA-2 [lot D]). The results of these experiments are
shown In table V. A plot of lgnltlon delsy agalnst temperature ls shown
in flgure 12. The dotted lines enclose all the runs; the solid line
lndicates. the average values. The lgnlitlon deleys ra.n.ged from an aver-
a.ge of 16 milliseconds &t 110° F to approximately 146 milllseconds ab
-40° F. The reproducibility varied from about 41 millisecond at 110°
to ebout 425 milliseconds at -10° F to even larger varlatlions at lower
temperatures. Ignition delays of the rums mede ab —lO° F were greater

than 50 milliseconda. Run 149 at -39° F resulted in an explosion that
followed an extremely long ignition dslay (> 631 milliseconds), and
run 79 at -41° F ylelded an inordinate delay of 131 milliseconds. For
the latter run, the ignition point was difficult to determine and the
full combustion patterm did not develop until more than 40 milliseconds
after ignition. : '

Several Fuels wlth Various Nitric Acld Oxidants

In an effort to find a propellant combination that would have sat-
isfactory ignition charscterisftice at least as low as -40° F, a series -
of experiments was conducted in which several fuels_vere tried with

various nitric acid oxldants excluding mixed acid.
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At sea-level pressure, 23 rums were conducted utllizing 6 fuels and
5 oxldants In 13 propellent cambinations. All runs were made at about
-40° F with one exception (run 67 at -75° F). The results of these
experiments are shown 1n table VI.

Anhydrous nitric acld was tried with chemically pure furfuryl
alcohol (runs 68, 69, and 73). Although ignltion delay dsba were
sctually obtained for only one run (no cemera timing msrks for the
others), superposition of the films from the three runs indicated
gimilar delay perlods. The measured deley for run 73 was 54 miiliseconds.
The 1gnitlion polnt was obscure, followed by & slow development of the cam-
bustion pattern (15 milliseconds long). After each run, obJectionably
large amounts of black carbonaceous caombustlon products ,were found depos-
ited 1n the combustlon chember.

Turpentine, which has ignltion properties that are excellent with
mixed acid (reference 8) but poor with WFNA (reference 7), was tested
with anhydrous nltric acid at -40° F (run 85). Ignition, after a long
delay of 75 milliseconds, was followed in 1/2 millisecond by an explo-
glon. No additlonsal runs were attempted.

A comparison of anydrous nitric acid and hydrazine hydrate I:lot a]
with WFNA-2 [lot al end hydrazine hydrate [lot al at about -40° F is
shown by runs 80 and 79. The delay with the anhydrous acid (48 milli-
seconds) was much shorter than the delsy with the white fuming acid
(131 milliseconds). The ignition point was indefinite and difficult to
determine In each case. : :

Since both the furfuryl and mercapto groups appear tc enhance igni-
tion characteristics, combinatlion of the two In a single fuel such as
furfuryl mercaptan seemed promising. Ab -41° P, furfuryl mercaptan with
WEFRA-2 [lot a] had an ilgnition delay of only 23.4 milliseconds. With
anhydrous nitric acid, it was even less (17.4 milliseconds). Besides
short ignition delays, other advantages in the use of this fuel lie in
its low initisl freezing point ( €-112° F) and its low viscosity at low
tempersgtures. A dlssdvantage 1s the obJjectlonsable residue found depo-
sited in the combustlion chember after every run. The amount, however,
13 not as coplous as that resulting from the use of furfuryl alcochol.
Other disadventages of the fuel are 1ts present high cost and a very
strong end disagreeable odor.

The mixed xylidines fuel was dllubed with trlethylamlne to reduce
its viscosity at low temperatures (table II). This fuel mixture wes
testbed with several nltric acid oxldents as follows:.

One run (run 67) was msde at -75° F with WFNA-8 [6-KNOz], which is
WENA-2 [lot a] +to which potassium nltrate and water were added to
depress its freezing polint to -96° F. After a long ignlition delay
(> 262 milliseconds) , an exploslon occurred. Fhotographic views of the
damage are shovn in figure 13. '
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One run (run 84) was made at -40° F with WFNA-11 [ 4-HC104], which
ls WFNA-2 [1lot a] %o which perchloric acid was added to shorten the -
i1gnition delsy and perchloric acld and weater to depress its freezing
point to -91° F. -Ignition did not occur proba'bly because of the high
percentage of wa.ter In the acld.

Five runs resulting in ilgnitions were conducted at about -40° F
with anhydrous nitric acid (runs 70, 71, 74, 78, and 8l). Hard starts,
Indlicated audlbly and by photogra.phic d.a.ta., ocourred. In two of the runs
without any resultemt demage (runs 70 eand 81). The average lgnition
delay for three of the runa was 35 mllliseconds. No film speed timing
marks were obtalned for the other two runs. Three runs were madse with
the same fuel and WFNA-2 [lot a]. One (run 72), without timing marks,
resulted in a hard start. The other two (runs 76 and 77) had average
lgnition delays of 42 milliseconds followed about 4 milliseconds later
by exploslons. Experiments with an open-cup-type apparabus {reference 7)
with enhydrous nltric acld and WFNA-2 [lot a] ylelded almost identical
values of 1gnitlon delsy.. One run was made wlth WFNA-7. After an
extremely long delsay of 423 mllliseconds, 1gnition occ rred, followsed
3 milliseconds laster by an explocsion.

A dissdvantsege of the mixed-xylidlnes - triethylamins mixture is
ite rapld incresse in viscosity below -40C F. A more promising fuel
was dlallylaniline, also dlluted by triethylamine to reduce its viscos-
i1ty. This mixture, tested at -40° F with both enhydrous nitric acid end
WFNA-2 [lot al, ylelded excellent results. Two runs w'th WFNA-2 [lot al
(runs 90 and 91) hed delays of 17.0 and 16.3 milliseconds, respectively.
The two runs made with anhydrous nitric acid (runs 87 and. 88) gave lgnl-
tlon delays of 13.5 and 14.7 milliseconds, respectively.’

Diallylaniline - Triethylamine Mixture and

White Fuming Nitric Acild

In the search for a sultable ignitor fuel for use with the gasoline

and white fuming nitric acid combination, the diallylaniline - triethyl-
amine mixture was selected for an additional series of runs with white
fuming nitric acld to determine 1gnition-delay tempera.‘bure-pressure
relationshlps with tempera.tures dowm to the lowest .'L:Lmit of serviceabil-

ity of the acid.

At temperstures from 111° F to -80° F, 37 rung were conducted. Of
these, 18 runs were mede &t gea-level. pressure and the remsinder at pres-

sure altitudes of 77,400 to 88, 300 feet. Four Tube i1eésvlted In explosions, _

all at low initial ambient presaures. The results of these experliments
are shown in table VII. A plot of ignition delay agslnst temperature
at the various pressures is shown in figu_re_- _J_A:_." With two exceptlons,
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the dotted lines enclose all runs that did not result in an explosion;
the golid line indicabes an average for these runs.

For the normal runs, the ignition delay varied from an average of
a.bout 9 milliseconds at 110° F to approximately 22 milliseconds at
-50° F, regardless of Inltial ambient pressure. As in the other runs
wilth nitric acld dilscussed previously, the low pressures of high albti-
tude d1d not affect the values of :Lgni'bion d.elay obtalinsd at sea-level
pressure.

Three of the four rums that resulted 1n explogions (rums 113, 116,
and 121) hed delays that were about 3 to 5 milliseconds longer than the
average value at the temperature of the run. In each of these rums, the
oxidant preceded the fuel into the combustion chamber. The fourth run
(run 124) hed en ignition delay that was in the normal range. In this
run, the fuel entered the combustion chamber first.

All runs conducted at -50° F were made below the initial freezing
point of the acid. Ignitions were obtained In all cases. The ascid
was either supercoocled or, if the initial freezing point had been
attained, the precipitated crystals in the acid solution did not inter-
fere with the flow by clogging the injector holes. One run was made
at -60° F (run 125, not shown in figure 14). An audibly weak ignition
was obtained after -a delay of 102 milliiseconds. A copiocus semisolid
slurry of nitric acid crystals and saturated solution found in the
acid tank after the run indicated that the poor performance may have
been caused by a hlgh;water—content mother liquor being ejected into
the combustion chamber.

Digllylaniline - Triethylaemine Mixture and Speclal-Blend
Red Fuming Nitric Acld

Although the dilgllylaniline - triethylamine and white fuming nitric
acld combination was found to be satisfactory with respect to ignition
delay down to the freezing point of the acid, a fuel and oxldant were
8t1ll needed that would ignite spontaneously at a pressure altltude of
at least 45,000 feet and at temperatures as low as -95° F. A series of
runs was conducted with the dilallylaniline - triethylamine mixture and
& low-freszing-point a.cid. obtained by mixing several nltric acids and
water (RFNA-4-18).

Eighteen runs were made at temperatures from 110° F to -95° F. With
two exceptlons, all runs were carried out at sea-level pressure. One low
pressure run was made at each end of the tempersasture range, serving ag
checks for possible pressure effects on lgnition delay. Run 140 (110~ F)
was conducted at & pressure altltude of 82,500 feet and run 133 (-95° F)
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at 93,600 feet. The resulte of the experiments are shown In table VIIT.
A plot of 1gnition delay againﬂt temperature at the verious pressures Iis
shoyn in figure 15. There were no etxplosione in 'bhis seriee of TUns .

The ignltion delay varled from an average of gbout 13 mllliseconds
at 110° F to approximately 55 milliseconds at -95° ¥, again regardless
of initisl ambient pressure. In. these rupns, the flamee in the combus-
tion chember were brighter and the exhaust noise was loidér than with
any other comblnation tested in this investigation. The light intensilty
and noise level increased with a decrease in temperature. Combustion--
chamber .deposits efter a run were less than with any other ¢ambination
tested except ones in which hyﬂrazine h,yd:ca:be wag used as the fuel. The
quantlty of d.eposite decreased with a d.ec:cea.se "In temperdaturs.

The acid used In these runs 1s easlly supercooled and difficult to C
freeze. All runs comducted below -88° F, the inltial freezing point of oo
the oxidant, were probably mads with the acid. in a supercooled state. _. S

Effect on Ignition Delay of Varlations in Time between o
Propellan'b Entries intoc the Combustion Chamber

Most of the runs with anlline and red fuming nitric acid were made _

early in the investigation when the diaphragm-opening technique was TorTam
8till being developed and the time between Jet entries into the cam- I
bustion chember veriled over & wide range (0.3 to 75.2 williseconds). ~~~ 7 T
This variance, however, did not seem to affect igni’cion delay values o=

for the normal runs. A camparison of run 42 (68° ¥ and 52,800 £t _ B
pressure albltude) and run 44 (69° F and 74,700 £t pressure altltuds) ]
ghows 1gnitlon delasys of 22.6 and 23.5 milliseconds resPectively :

(table IV); yet the acid entered the chamber 40.8 millisecond.s before ey
the aniline In the former run and the fuel preced.ed. 'bhe oxid.ant 'by " e
3.0 milliseconds in the latter rum. - - - - —— L ET L ESET

Further evidences that moderste varlations in .propellant entry
times have no significant effect on ignition d.ela;y were found through- o
out this investigation. An exemple is shown by two runs with the |, o
diallyleniline - triethylemine mixture snd anhydrous nitric acld (rune -
87 and 88, table VI) in which the oxldent preceded the fuel by 8.3 and S
117.4 miliiseconds, respectively. A2 mentloned previously, however, the B
lead of one propellant over enother mey have same influence on the pro-
duction of explosions following dgnition. T ) : e ———

T e =

*
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Effect of Water and N0, Content of Acid on Ignition Delay

Analysls of the data from the experiments yields soms information
on the effect of water end N0, content of the acid on ignltion delay.
For most of the runs 1n the anlline series, red fuming nitric acilds
from two lots were used without distinction (RFNA-4-29 and RFNA-5-35).
In the particular N0, range of 29 to 35 percent, the 6-percent varila-
tlon in NOz content of the acld had no significant effect on lgnition
delay as seen In figure 9. TIn these btests, the waber conbents of the
two aclds were essenbtlally the seme, differing by less than one percent.

In the experiments at -40° F with anhydrous nitric acid and white
fuming nitric scid with varlous fuels, longer lignition delays wers
obtained wlth the whlte fuming aclid than with the anhydrous =zcid in
every case, as shown In the followlng table:

Fuel " | Average ignition delasy (milliseconds)
Anhydrous scid WFNA-2 [lot &
(0.2 percent HzO, (1.8 percent H20,
2.5 percent NO2) 0.5 percent NO2)
Hydrazine hydrate [lot a] 48 131
Mixed xylidines -
triethylamine mixbure 35 42
Furfuryl mercaptan 17 23
Diellylaniline -
triethylamine mixture 14 17

The longer delays with the whlte fuming ascld may have been due elther

to the larger water content, to the smaller NOz content, or to both.
With the mixed xylidines - trlethylamine mixture and several nltric

acids (runs 74, 75, 76, 77, 78, and 81 of table VI), the ignitlon delay
increased with an increase in wabter content and a similtaneous decrease
in NO, content, as shown in figure 16 where lgnitlon delay is plotted
againgt wabter content and the NOp content of each acid 1s also indicated.
Although variations in NO; conbent in the aniline serles did not affect
ignition deley, the same statement camnot be made for these cases because
the NO2 veriations are in a different range. The effects of the two
varisbles, therefore, cannot be evaluated separately for these condi-
tions from the avallable daba.

SUMMARY OF RESULTS ' )
Ignition delay determinations of several fuels wlth nltric acild
oxidents were made abt similebted altitude conditions utilizing & small-

gcale rocket engine of approximately 50 pounds thrust. The results are
sumerized as follows:
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1. With chemlcally pure aniline and red fuming nitric acid (29 to
35 percent NOp by welght), the ignition delays ranged from an average
of ebout 18 mlllisscords at 84° . F to about 36 milliseconds at 30° F.
Veriations in initial amblent pressure from sea-level pressure to a
pressure altitude of 88,300 feet for temperatures fram 60 to 82° F had
no significant effect. on.lignition delay. Five exploslons occurred, the

fuel preceding the oxidant into the ccambustion chamber In every case. - "‘""*:"’_‘

With one exception, ignition delays of these abnormal runs were 4 to
13 mllllseconds longer than the average normal values gt the temperatures
of the runs. _ _ _ ST T SR s

2. Acid el)ected Into a rocket chamber gt low 1nitlal pressures
chenged rapidly from a gpray into a solid stresm becsuse of a presgure
rilge above lis vapor pressure. The pzjesélii:r‘é Trise was prohbebly csused = .
by vaporization of the oxldant end evolutlon of Initlal reactlon gases.

3. With hydrazine hydrate and white fuming nitric acld 3 the lgni-
tlon delays ranged from an average of 16 milliseconds at 110 F to
a’ppgoximately 142 milliseconds at -40° F. One exploslon occurred ab
-39- F. ' ]

4, Several fiuels and nltric acld oxidsesnts were screened at ses-
level preasure and, with one exception, at about -40° F. The data are
summarized in the followlng table: ' B : -
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Fuel Oxidant Average Ignition (Totel |Exploslons
- Delay number
(mlliiseconds) [of runs
Furfuryl aslcohol Anhydrous nitric 54 3
acld .
Turpentine Anhydrous nitric 75 1 1
acid
Hydrazine hydrate| Anhydrous nitric 48 1
. geld _
Hydrazine hydrsate| WFNA-2[lot a] 131 1
Furfuryl Anhydrous nltric 17 1
mercapban acld
Furfuryl WENA~2 [lot a] 23 1
mercaptan
Mixed xylidines -| WFNA-8 [6-ENO.] >262 aj 1
triethylamine
mixtyre .
Mixed xylidines - | WEFNA-11[ 4-HC104) b_.- 1
triethylamine
mixture .
Mixed xylidines ~| Anhyirocus nitric 35 5
triethylamine acld
mixture
Mixed xylidines -{ WENA-2 (lot al 42 3 2
triethylamine
mixture
Mixed xylidlnes -| WENA-7 423 1 1
triethylamine '
mixturse
Diallylaniline - | Anhydrous nitric 14 2
triethylamine acld
mixture
Diallyleniline -~ | WFNA-2 [lot a] 17 2
triethylamine
mixture

8conducted at -75° F.

Pyo ignition.

The combination thet ignited most rapidly wes a diallylaniline -
triethylemine mixture and anhydrous nitric acld, ylelding sn average
1gnition delay of sbout 14 milllseconds.

5. With a mixture of 57 percent disllylanlline and 43 percent

triethylemine (by welght) amnd white fuming nitric acid, the ignition
delays varied from sn average of sbout 9 milliseconds at 110° F to
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approximately 22 milliseconds at ~50° F, regardless of initial ambient N
pregsure verlations from sea-level pressure to a pressure altitude of
88,300 feet. Four runs resulted in explosions.

6. With a mixture of 57 percent dlallylaniline eand 43 percent
triethylamine (by weight) and red fuming nitric acid contalning 3.5 per-
cent water and 16 percent nitrogen dioxide (by welght), the ignition
delays varied from an average of sboub 13 milliseconds at 110° F to
approximately 55 milliseconds at -95° P, regardless of inltigl ambilent
Pregsure veriaetions from sea-level pressure to a pressure altitude of
93,800 feet. All runs resulted 1n satisfactory starts; no explosions
were exXperlenced.

&9z

7. Tn all the experiments, wlde varlations in time between pro-
pellant entrles Into the oombustion chamber had. no apparent effect on
lgnition deley.

8. With aniline and red fumlng nitric acids wlth essentlally
equal water contents, a variation in the NO2 content of the aclid from T e
29 to 35 percent had no significant effect on lgnition delay. With
other fuels and nitric acids, a decrease in the NO; ocontent from 2.5
to 0.5 percent accompanled by a simultaneous 1ncresse in the water con-
tent from 0.2 to 1.8 percent increased the lgnition delay. .

Lewls Flight Propulsion Laboratory
Nabtlonal Advisory Commltbtee for Aeronautics
Cleveland, Ohlo.
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TABLE I. - ANALYSES OF NITRIC ACID OXTIDANTS

Acid  Runs ENO; NOp | HpO® | Other
components
Percent by weight
P RFNA-0-20 80.7 | 19.5 | o i
RFNA-0-22 154,156 78.2 | 22.0 | © E‘E
- [ie]
b RFNA-0-25 74.9 | 24.9 | 0.2
RFNA-4-16 | 126-143 80.5 | 16.0 | 3.5
¢79.9 | ®16.5 | ®3.6 ‘
RFNA-4-29 d[42-85], | 7.1 | 28.6 | 4.3
152,155
RFNA-5-35 = ~ — | 4[42-65],153| 60.1 | 34.7 | 5.2
WFNA-2 [lot &) 72,76,77,79,| 97.7 0.5 | 1.8
83,89-125
WFNA-2 [ 1ot b] 144-151,157~ 97.4 0.7 1.9 : .
160,165 '
WFNA-7 75 93.0 0.2 | 6.8 .
_ KNOz
WFNA-8 [6-KNOz] | 67 €g5.9 | C0.4 | ©7.7 " -
6.0 g
HC104 B
wFNA-11 [4-HC10,4 J| B4 Cg5.0 {¢2®0:4 {€10.5 v - - -
Anhydrous 68-71,73,74,| 97.3 2.5 | 0.2 )
nitric acid 78,80-82, -
85-88
P, % Anhydrous 97.1 2.6 | 0.3
nitric acid
\a T e s e T R ii P o e
a’By d.iffel"ence ! . - oo . : cars b o ot E - N . _".".--.;-_.-:-_:;_%:‘—é
PUsed in the preparation of RFFA-4-16. T
®calculated. SRR S g

d‘RFNA-4:—29 and RFNA-5-35 used in bracketed runs withou‘b distinction.

©Colorless solution.indicated NO, reaction with HC10,. _ -

T same anhydrous scid as above but used at a later date. T e
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TABLE IT - PHYSICAL PROPERTIES CF FUELS3

Fuel Runs Viscoslty (centistokes) Initial Denslty
' freezing {g/m1)
2110° [ 77° F|-40° F|-70° F 2-95° P |point

(°F) |e8° F[-40° F
Aniline 42-66,152-158 2.96 | 3.72] =—-rnm (P 19 |1.021 | --—--
Purfuryl alcchol |68,69,73 2,80 | 4.50| 219.1 SR me—— {1.146(1.201
Furfuryl mercsaptan|82,33 92 | 1.18! &.02] 914.3 40.0 <-112 |1.124(1.191
Pruppentine ® (85 1.5 | 1.73| s8.s2| 218.8| 45.5 | <-112 |0.868|0.919
CHydrazine hydrate(79,80
[lot &)
O4ydrazine hydrate|l44-151,157-160) --on | 1.87 --—-w mwmm | e —eem [1.031|m==mm
[lot b ] 185,166 .
€rpiethylamine e .51] 1.18 1.67) ' 2.43| <-112 [0.731]|0.784
EMixed xyllidines 2.30 | 4.00 761(830,000 | —--rm ~—=- | 0.878|1.027
€Diallylaniline 1.88 | 2.97] 150.8| 22,000| =nm-m - [0,955|1.003
fMixed xylidines -|87,70-72, 1.01 | 1.40( 17.83| 80.91 800| <-112|0,875(0.928
triethylamine 7¢-78, 81, 84,86 _
mixture
gplallylaniline - |B87-143 _ .81 | 1.08| 5.81| B14.5 47| <-112 10.851|0.903
trlethylamine '
mlxture

8Extrapolated. ' ' N -
- Peommercial gun turpentine.

CAotually analyzed as 64.2 percent hydrazine, 35.6 peroent water, and 0.2 percent ammonla
(by weight).

dﬁctually analyzed as 65.3 percent hydrazine, 34.7 percent water, and 0. 0 percent ammonla
(by welght).

®Used 1in preparation of fuel mixtures.
f50 percent mixed xylidines and 50 percent trilethylamine (by volume at room temperature).
857 percent diallylaniline and 43 percent triethylamine (by welght).
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TABLE III - PHYSICAL PROFERTIES OF NITRIC ACID OXTDANTS

Acid Viscosity (centistokes) Approximete | Density (g/ml)
initial
2110° F| 77 F | -40° F |{®-70° ¥ | 8950 F| freezing |68° F |-40° F
: : point
(°F)
RFNA-0-22 0.730 | 0.951 | 5.40, | 14.5 | =-ce- -74 ) 1.5978 |1.695
RFNA-4-16 0.724 | 0.953 { 6.04 17.8 b70.0 -88 1.5577
RFNA-4-29 0.850 | 1.15 {10.56 | 40.5 238 e 1.578¢ |1.680
|wrnA-2[ 1ot a] 0.470 | Q.582 | 2.32 _— —— -46 1.4975 |1.602
WFHA-2[ 1ot b ] 0.437 | 0.534 | 2.0L | --=- | ~---- 47 1.5043 |1.606
WFNA-7 0.554 | 0.709 | 3.42 8.3 | ----- -69 1.4863 |1.588
WINA-8[ 6~KNOz ) 0.755 | 1.01L | 7.61 | 26.0 128 -96 1.5250
'wmauté-mlg,_,,] 0.609 | 0.786 | 3.91 9.4 | Pes.2 91 1.5075 |1.598
Anhydrous 0.452 [ 0.555 | 2.09 | === [ —=--a -45 1.5145 |1.616
nltric acid
®Extrapolated. %
bSuPercooled.

ul.l

(]
!

CBupercooled to epproximately -170° F without freezing.

67g2
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TABLE IV - SUMMARY OF DATA POR CHEMIOALLY PURE ANILINE AND RED FUMING NITRIC ACID WITH 29 TO 35 PERCENT (BY WEIGHT) NITROGEN DIOXIDE

& 4

TOLTSE WY ViIOVN

Run Avomge Initisl [Initial [Naximum Fime to Tewperafures Lead pro- [Time Tgnition] Time
Jropallant|presmure| amblent |combustion-|attain o pellant = |betwzen delay betwaan
tempere- ulﬁt\)lda p!('en\m): chamber waxisim {'F) into ocom- |jet entrlaes (milus %tﬁ
ture t - SBpure combuetlaon buption [Hnto com~ |meconds exple~

) Hg ﬁb/’q in. |ohsaber Puel| Oxldent | Injeotor Ogn-t Nosgzle| Ambient ohamber ‘bustion slon or

°r) Bage) presaure hend 393.;-- plate |air chamber burn-out

- (sec) ature : (m122- : (milli-

] bath ' seaondn) seconds )
55| ase 81,500 19.2 292 2.4 8ag B8g 8gg - 4gp Bag Fuel 25.2 24,8 BB
46} 282 0} 760 b~ S fgp | Agg 8g0 - 2a0 | 2gp Puel 14.0 28.4 b1,5
54| A82 81,800 19.0 234 3.2 aga a5 Bap — ggo [ Agp Fual 51.2 20.8 ——
48 20 50,700 B4.6 | = BG7 3.1 L) ag0 250 - ea0 ago O dant 26,3 18.7 —
B8 am 78,200 | 0.2 | 4 — Byg | a7m a7y — | 29| 279 - pual 10.1 28.7 7.9
40| 278 40,700 92.8 k.- — a7 | a7g a7g - 873 | a7 Fosl 4.1 18.0 1.4
47| a8 o| 760 b — az5 | ars a75 - a5 | &5 Fual .5 35.6 be.7
BO| ars o| 760 LI - azs | a7y a7y - &75 | 273 PFuel 25.6 26.4 b1.0
52 ara 78,400 30.0 238 5.3 aga 272 &3 - a7g 879 oxldant 56.6 1.9 -—
Bl| 270 . o| 780 280 2,8 270 a70 870 - 270 | 270 | Puel 10.0 23.8 -—
53 270 69,200 35.0 284 2.8 a7 a70 70 - a70 A0 Qxldant 75.2 24,2 _—
153 0 0| 780 2272 s 70 T0 70 0 72 76 | Oxident 1.7 20,4 ———
165 70 0| 780 27% 1.9 70 10 T 70 73 78 | Oxidant 5.0 21.6 —
44] A8 74,700 26.8 aB5 3.5 Bgg Bgg 2gg - agp | %69 Fuel 3.0 25,5 -
42| 2gg B2, 800 76.5 285 2.0 LT 258 aga -- agg | BgB | Oxldent 40.8 22,6 —-—
43 2348 88,300 14,0 282 2.9 agg | Bgg agg - agg | 888 | cxidant 57.6 21.6 v—
B9 81 o 760 8153 1,5 81 -— Bl 80 8g 78 | Cxidant 57.7 25,5 ——
G4 81 0| 780 245 2,8 &2 8l 82 58 17 85 | oridsnt %9.5 28.4 -—
- B7 80 ‘o |} 780 298 5.0 80 80 81 51 84 76 el 5.1 o4.2 —
82 80 80, 100 £0.6 260 2.9 80 80 8l 61 69 77 Fuel 5.9 28.2 -_—
85 30 o 78O 8216 Is 4 51 50 30 v 30 70 78 | oridant 24.2 36.4 -

 Syhearmometer-indicated temperaturs near apparatus.

: PExplosion,

‘CApparatus was dameged, but combustion chambsr remained intaot.,

-dpopbustion chamber burned out at injeotor head.

*Peak prespure; maximum pressura poselble was probebly not attained.
Time to attain peak combustion-chamber pressure.

é



TABLE V - SUMMARY OF DATA FOR HYDRAZINE HYDRATE AND WHITE FUMING NITRIC ACID (USAF SPECIFICATION NO. 14104)

Run |Average Initial | Peak Time to Temperatures Lead pro-|Time Ignition
¢2) |propellant| preasurs combuatiom|dttain pesk -(OF) pellant |between delay
tempera-~ |altitirde|chamber combustlon- into com-|Jjet. entries| (milli-
ture (£1) ressure |ahamber Fuel | 0xident|InJjestor |Con- Wozzle|Ambient|bustlon [inbto com- | aeconds)
(°F) : %lb/sq in. |preasure head stant |plate |air charber {bustlon
A gaga) (sec) : temper- chamber
] (b) ature (wil11- Y
J4path . seconds)
164 . 110 0 e R 10| 110 111 111 75 19 Ox1dant 1.3 17.0
159 110 o 257 . 2.5 110 110 111 111 88 89 Oxldant 6.3 15.3
145  s0. o 1740 2.7 ‘80| a0 80 80 89 71° | oxidamt | 0.3 19.1
1:51 80 0 216 - 2.5 80 a0 80 81 70 13 Oxidant 9 16.7
146 " 50 0 170 2.7 51 80 52 52 84 &8 Oxidant 1.8 2%.6
158 *' " 50 0 227 2.8 50 50 81 51 71 71. Oxidant; 4.8 28.2
147 20 0 192 2.6 21| =0 20 20 | 54 61 Oxident 7.8 29.6
| 150 - 20 D 235 2.5 21 Q0 23 24 © 83 85 - Fuel 3.0 K 50.1
| 1a8| - -3 0 181 2.4 -lo| -8 -9 -4 51 62 Fuel 8.9 59.5
157 -0 . 0 204 2.3 -10f -10 -7 -10 60 65 Fuel .9 104.7
160| ' -10. ) 179 2.2 -1l -8 -9 -10 5 | 60 . Fuel .6 70.2
| 185 ~-10 0 220 2.2 =101 -~10 -8 -8 60 .. 63 oxildant .5 S4.4
1149| -3 0 a___ e -3g| 38 -39 -40 48 80 |e_____ <0.3 fr6m1
£79 ~41 4 139 5.0 41| =41 ~37 -41 S5 58 Oxidant 22.4 130.7
2211 runs (exocept run 79) made with hydrazine hydrate [1ct b] and H‘FN.A—E l1ot b] W
: pressurs poasible was probably not attained. !
: °01oggad odmbustion-chamber pressure tap.
J Erploaian.
K Both prapellants entered the combustion chamber in the same wotlon pleture f:-ame
IIgnition polnt end subsequent axplosion not recorded.
- Run made with hydrazine hydrate [lot a] and WFNA-2 [lot a).
3 ! ‘
! | | . ' iil :- 1 : 1 .
N . ! 6%%e

e TR
-
-
-

HiE

92
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TAELE VI - SUMMARY OF DAYA FOR SEVEAAL FUKL3 AAD NITRIC ACID CKIDARTS AT LOW TENPERATURRY AND SEA~LEVEL PRESSORG

TOLIGH W VOVE

hm ’ Pasl | Oxidant Avar Initial |Maximm Time to Tesparatures Lead pro- |Time Ignition
' {n) (b) pro t| prassurs| combustion-| attain (°F) lant  [between de;
temgara~ |altltude|chamber i . to oom-[Jet entrien (milli-
ture (re) ?nunn- oonbustion- wuation |into com- 1 asconds)
(.o') ’ 1b/mq in. |chanber  “|Musl|Oxidant| Injector tant Nozxls| Anbient] ohapher [buntion .
. gage) prossure head kampar- |plate |nix hemb,
: : | (meo) E.m“ (mi114- .
. th snoondr)
88| Murfunyl Anhydroas ~40 Q 7 .9 40| -40 34 -4l 8% 15 Oxldant O [ I
alaahol ndtrlc aold '
89| Pursirya Anhydrous -1 .0 d- —— 1 -~ | e3s 41 | ay 78 | oxidsns | o Je_.._.
&lovhol nitrdic asid ' .
5| Purfuryl Ashydrous ~4D o *170 5.4 a0 | s -1 &4 65 | ocdens es.5 85,7 -
alochal niterde acid ) : * .
85{ Turpentine | Aunhydrous ~&0 Q | J— T e =59 bl ~38 -39 €g ] (xd dant 7.8 4.7
nitrle acld - B -
80 Brdru:l.m - Anhydrous -4 ) M- — 40| 40 - 33 38 L 87 oxldant 55.4 L4a.g
hydrate [lot o]|nitrio aoid . N
™ m—-nnf W¥A-2 [lot a] 41 1] a130 f5.0 ALl ~4) -57 -1 .1 £ Gxidant 0.4 130,7
nytirgte (1ot 2] : . .
B2| Furfuryl - Anhydroua 40 4] 200 7 =38 -0 =35 -38 B 60 Muel - 33,8 1.4
MToapLED nitria modd ?
85| Purfuryl WFIA~R Lot a) 4l 0 e R.5 41| -1 ] 38 -40 | .B4 71 | Oxidant 80,8 5.4
| _|mercaptan : . 2 ;
- 67| Mx-TRA® WriA-6 [3-mcy ] -5 0 e — T I I T -7 20 { oxidant e85 [rase
B4 MT-TA - mllE—mm -40 ) . - — -] =40 «57 -4 i E5 | Geldant 7.8 ng
. enl
70 MxX-mel Antiydroua” 5 [ d .. - .17 -l 0 1 BT | OEENT | Cename | 0l
altrie aaid
7L MX-TxA 38 0 306 5.7 -38| -39 , =40 —40 1. ] 79 Fuel [ T [ PN
nitrio maid . .
74| NX-TRA #nihu.ygrw:id - Al Q Rg0 5.7 —re| Al -58 =39 B8 &4 Oxidant 8.1 £5.8
o u R IS .
78| NX~TEA mm‘g:-w.;1 a 30 0 a4 fap |38 % | =3 -51 “ 48 | Oxidant 25,2 30,4
0 .
B1|MX-TEA , | Anhydrous ~40 g T 5.8 38| -4l -33 -55 ] 67 | Oxidant 44| lare
pitric moid .
NX-TRA WPNA-2 [lot ai ~41 0 .. - v -41] - AR il 5 7 | oddant | “oea—n | 6y dan-n
T8t PI-TR) WPHA-2 ta] |- 40 4 . Sy —— ~58| -0 =35 -39 &3 73 o damb 2.2, 41,3
77 NX-¥R4 © L WENA-2 ta) -40 0 | S o -40| -40 . -33 -39 B4 8l Puel - 5,Q 45,0,
TE] NX-PRA AT - -0 1] Bmm —— 59| -40 -55 =38 &b sg Fuel 14,8 423.%
a:jnu-!n‘ mydmu-m ~Al [ 248 4,1 -4l ~40 48 “ 87 | ocidmnt a,% - 13,5
nitrio Ao )
O] BAA-TEA Anhydrona 40 [ 19 Tg,7 - | -38] .4 -37 -39 55 &7 | conasnt 27,4 14,7
; Mtrig padd : .
B0t DAA-FEA Whik-2 [lot al ~40 Q 300 4.4 -0 ~40 -40 -39 -} 81 Cocldant 1.8 17.0
91 DAA-THA WFRA-2 [lot a] whl [ 303 I5.1 -4l -4 =57 -4l | 43 wee | Oxidapt a,8 16,3
%3ee tabhla IT for phyai¢Al properties, huu propar reoord. W
P3ea table I for analyses and beble IIT for phymical propertics. Lppprozinate valus, Iznitien peint difficult to deteraine.
%o timing warka on filn, Ignition and explosion cocurred after end of fils rell.
dl*msan combuption-chamher prefmurs tap, 1 rylidines - tristiylamine mixturs.
'Puk pracaurs; maximun pressurs possible was probably not attained. fard ptart. Ko resultant damags.
rﬂ- to athain peak conbusylon-chambar pressive. "riallylaniline - tricthylamine miIturs.

oalon.,
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TABLE VII - SUMMARY OF DATA POR 57 PERCHNT DIALL!

AND 43 PERCERT TR

(USAP SPECIFICATION NO. 14104)

(BY WEIOHT), AND WHITE FUMING NITRIC ACID

Run|Averaga Initial |Initlal |Maximum to Teuperatures Lead pro-| Tine Ignition| Time
propellant|pressure |ambient | eombustion-| attain (op) pellant |between delay between
tempera- |altitude |pressure|chamber. maximm into com-| Jet antries| (milli-{ignition
ture : (£t) fmm Hg) essure ibustdon- bustion |into com- |Bseconds)|and explo-

°m ﬁb/sq in, | chamber PFuel |0xidant| Injector{Constant|{Kozxle| Ambient| chamber - |bustion sion .
' gage) pressurs head mpera-|plate |air chamber {mi114-~
(seo) | t:-" ' (11l seconds)
: th seconds)

111 111 Q 760 283 5.0 ~—=| 111 111 111 17 83 Oxidant S.1 8,2 am-

124 111 86,400 18.5 B, — 112| 111 2 113 T2 17 Fuel .9 9.9 0.9

116 110 78,200 22,5 a__. —— 110| 110 110 110 78 79 Oxidant 6 11.4 .3

117 100 77,400 28.5 b258 05,5 1091 108 110 110 75 82 Fuel .5 10.3 —

115 104 [s] 760 284 S.4 104 | 104 108 105 72 E Oxidant 2.1 7.8 _—

98 80 0 160 277 4.3 80| a1 al 78 70 71 Oxidant 2.8 10.9 .
102 80 82,800 - 18.2 302 4.8 80 80 a1 % 89 ki Oxidant 3 10.5 ——
107 80 41,600 19,2 289 4.9 80 81 81 81, a—— T - N <.3 11.0 —

29 79 .0 780 b1gy °a.5 ki 79 79 74 77 t 2.6 10.2 —

96 50 ] 76Q 303 4.8 -— 50 Bl 50 89 71 Qxidant 2,2 9.8 —

97 50 o] 760 245 | 3.6 —— S0 - 50 a2 86 73 Oxidant 3.6 11.0 _—

101 a -0 760 205 8.0 S0 50 aa 80 &6 71 a.____ - <.5 12.8 ——

106 ) 81,000 . 14.8 237 £.9 20 50 50 B3 52 Y] Pusl 1.0 1.6 —_—

1n2] °s0 80,600 20,1 260 4.8 JUEY (O - - a8 — Fuel .3 1.8

110 21 86,100 18,3 bogs %4.8 21| 2a 20 18 83 ] Fuel Q.3 14,2 —

B4 20 [*] 760 304 4.7 18 20 20 19 82 84 Oxidant 1.3 13.4 —_—

25 0. 0 760 p302 4.1 20 21 2 19 61 65 Oxidant 1.9 15.8 —_

105 20 80,700 20.0 207 %s,1 20) 20 od 20 5L 54 R <.5 20.8 ——

gg -8 [/} 760 305 4.4 -9 -9 -9 -2 43 56 Oxidant 5.9 15.1 —

-9 o 760 278 4.1 =9’ -9 -9 -8 42 5S4 Oxidant 3.5 11.5 ——

100 ~10 0 780 b300 ©5.1 -10| -10 -10 -9 84 69 Oxidant 1.0 14.2 —_—

105 -10 81,800 19,0 ... — -10] -10 -10 -9 49 84 Oxidant B 14.8 ——

113 ~10 78,100 22.6 [ ——— =10 -1l -8 -9 48 S5 Oxidant 1.5 17.7 2.5

1& £.30 ,000 17.2 a___ - R -8 -10 57 64 Qxidant; 1.5 19.2 5.5

1 ~11 80,400 20,5 S — -11] -1 -8 -8 81 B4 oxidant 1.0 .15.5 —

104 -38 84,800 16,5 | I -39 -39 -39 -39 45 49 Oxildant 0.7 18.0 —_—

89 —40 0 780 303 40| 40 -43 ~41 42 87 oxidant hee S —
80 ~AQ 0 760 300 -401 -40 ~40 -39 32 61 Oxidant 1.9 17.0 —
g2 ~-40 80,700 20.0 - -40 | -40 -40 ~59 59 &5 . Oxidant .8 20.5 ——
01 -41 0 760 ~4) | -41 =37 ~41 48 - Oxidant 8,8 16.3 —
14| -42 80,200 20.5 b27a -] 43 ~37 -4 5t 35 Oxldant .3 20.5 —
108 -30 [ 160 300 -50 | 50 -50 ~48 - 64 oxidant; 2.8 235.5 ——
1| 109 -3 0 760 j I =50} =50 ~31 -55 - 61 Oxidant 1.6 21.8 J—

1ns| -z 87,500 14.5 . -51| -s0 -48 -47 50 T F S E - i e

119 -50 a8, 300 14.0 -61| -S50 -48 ~80 52 53 Fuel 1.8 4.4

120 -50 84,100 17.1 Lo -51| -50 ~47 ~48 83 56 Mel 2.2 21.4

125 -80 ] 760 37 ), M ~82| -58 ~57 -60 48 50 Fuel 34.2 102.4 —

*xxplosion. W

Dpeak pransure; maxinum preasure possible was probably not sttained.

OTMpe to attain peak oombustion-ohamber pressure.

dpoth propellants entered the combustion chasber in tha same motion plature frame.

®nemparature of ocolant in blending chamber.

Tprozen oombustion-ohanber pressure tap.

Emeuperatures of constant temperature bath.

Byo tima record.

ijo photographic or oombustion-chamber pressure resords,

L] ' ! '
. : 67%3
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TABLE VIII - SUMMARY OF DATA FOR 87 PERCENT DIALLYLANILINE AND 43 PERCENT TRIRTHYLAMINE (BY WEIGH%;?E AND RED FUMING NITRIC ACID
CONTAINING 5.3 PERCENT WATER AND 18 PERCENT NITROGEN DIOXIDE (BY WEIQ! i )

Run|Average Initiel |Initial | Peak Tms to Temperatures Laad pro-| Tims Tgnition
propellant|pressure] amblent | combustion-| attain peak % pellant |between delay
tempara~ |altiltude|prespurs! chamber ‘combuation- - ( F) intd oom-| Jet entriens (nilli‘-
ture (rt) (wm Hg)| pressure shamber Fuel |Oxidant | Injector|Con- Nozzle| Ambient|buption |into oom- |seocnds)

0 . | (1n/eq in, | pressure : head stany |[plate |air chamber |buation
(F : gagez (seo) temper- chamber
: a) : . ature . (milli-
bath geoondn) .

139 110 0 780 . 23 2.7 110 109 111 111 a8 76 . | oxidant 1.1 13.6

140 110 82,800 18,6 251 2.3 10| 110 110 109 71 81 . Puel 2.2 11.1

142 L] o] 760 2p8 2.7 78 79 79 78 e 70 Fuel 4.2 17.0

138 £Q 0 780 257 2,7 30 48 &1 Bl 58 58 Fuel .8 18.7

141 £0 0 760 264 2.8 21 18 27 26 58 14 Fusl 9.3 22.3 |

137 -9 0 7680 258 2.8 ~9 ~8 -6 -9 49 52 Fuel 1.3 28,3

138 40 0 780 248 2.7 40| =40 ~38 -39 42 6 Oxldant Nl 31.2

126 ~41 0 760 274 2.8 ~41 |+ ~41 ~38 =d) 4 28 Oxldant 3 29.9

127 =60 0 760 bon — -80| -61 -63 =57 | 47 | 4B Gl dant 2.8 45,5

138 -80 0 7680 . 258 3.0 =52 -80 =54 -G8 &b 45 Oxidant 2,5 38,2

128 =70 0 780 - 268 2.8 -88| -71 -81 -85 43 50 Oxidant .8 40.9

134 ~70 Q 760 243 2.8 -8al ~71 ~80 -61 36 48 Fuel 8 42.0

129 -80 o} 760 260 2.8 ~80| -80 =78 ~81 41 58 Fuel 8,1 46.7

130 -90 0 760 268 2.9 -30| <80 -78 =91 ad 80 Oxidant 0.3 65.9

145 -90 0 7680 o177 3.1 -R0| -90 -78 —— 38 48 Oxident 5.4 Bl.l

133 -85 0 760 238 2.8 -98| -86 -89 -97 34 42 Fusl 2.9 83.9

132 -98 0 7680 255 3.0 =389 -958 -85 ~-95 41 BO Fuel .8 68.6

153 =98 83,600 10.9 250 2.8 -95| -~95 -87 =96 41 . B4 Oxidant W6 65.4

SMaximum prassure poseible was probably not attained.
Derogen combustlon-chamber preasura tap.
®0oubus tion-chambex pressure tap found clegged aftsr run,

£
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NACA RM E51J01

Hellium supply reservoir

6722

High
gpeed
camers

Variable-pressure
rocket exhaust
receiver .. .

To 1500-cubic foot
\eltitude tank

PFigure l. -~ Diagremmatic sketch of ignition-delay spparatus.
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"RACA RM E51J01

Helium pressure supply reservoir

3 Constant-temperature-bat

Flgure 2. - Ignition delay epperatus.
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X EL T

cambustion chaﬁh;r' S

forzle plate

NACA RM E51J01

C-27684

. Fgure 3. - Aspenbly of small-geele rocket engine used in ignition delay apparatus.
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V_Met preseurizing fitting
Qutbina aie . Burset diaplu's.gm__\“
Fuel tank

Oxidant tank
Qutting Zie

) : Fuel injector

Uocidant injecter | b L WAsheX .
a ’ ¥ ‘

Congtant-temperature-bath tank

' Combusticn-chamber

preasure LD
Transparent -pombustion chawber

Bpacer

Comnecting bolt

Nozele plate

NACA
C-2758K

Flgure 4. -
Exploded view of amall-acale rocket engine used In ignition delay spparstus.
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R NACA RM ES1J01

Figure 5, - Injector head assenbly

Unused disk|e Die Burst disk

" NACA . - °
T.7457

Figure 6. - One type of bursting diasphragm and cutting die used in propellant tanks
i e ot oniag. 110 teed T propeiiant MoLE
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Figure 7. - High-speed photographs ol typlcal run.
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Frame
number
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~ o " o

ww»sr.e ...

NACA RM E51J01

€-28470

Figure 8. - High-speed photographs of run resulting in exploaion (run 77).
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&5 O’ 8ea-level pressurs -~ ™~ -
_g . C N m —~] o
0O Pressure altitude of 50,0Q0 to ~ d -~
g 90,000 fest %37 to 13 mn Hg) i~ L . \\ ™~ -
a2
g V Exploaicn at sea-level pressurs T 18 'L\_ ~1.
e
P> Explosion at pressure altitude , s - [~
of 40,700 feet ~ \\‘J
T
13 ¢{> Explosion at preasurs altitude
_of 81,800 Teet _ ~|.
! A Burn-out at pressure altitude
of 72,200 feet T‘&Tgé e
10 I I l l ! ' | . 1
28 32 38 40 44 48 52 56 &0 64 88 72 76 80 84 88

Figure 8. - Ignition delay of chemieally pure aniline and red fuming nitrlc acid with P9 to 35 percent nitrogen dioxide {by weight).
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Pigure 10. - High-speed photographs of mum 45 showing transformation of diffues cxigant spray Inte normsl solid streem
befare entry of fuel Jet, Referme arrow projecta from the fuel inlet side of chamber,
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Figure 11, - High-spded photographs of rum 44 showing normal ignition delay when fuel precedes oxidant Into cembustian
chambar at low initlisl embient pressure. Reference arrow projests from the fuel inlet side of chether.
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Yanltinn delay, mliliseeonas

NACA RM E51J01

148

T 7 11

plosion
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Temperature, °F

Lt
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00 110

Plgure lz. - lgnivion delay of hydrazine hydrate and white fuming nitric acid (USAF Bpecification No, 14104)
at sea-level pressure.
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Flgure 15. ~ General and detriled views of é@itim delny apparatus after explosiom
. of rmm 67.
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Ignition delay, milliseocnds
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Ignition delay, millimeconds
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Figure 15. - Ignition delay of 57 percent dlallylanliline end 43 pertent triethylamine (by

weight), and red fumi
dioxide (by weight}).

ng nitric acid conteining 3.5 percent water and 168 percent nitrogen
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Figure 16. - Effects of.water and NOp, contents of nltric acld om
ignition delay of fuel containing 50 percent trlethylamine and
50 percent mixed xylidires (by volume) at -40° I and sea-level

pressure.
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